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We investigate the magnetic properties of the multiferroic quantum-spin system LiCu2O2 by
electron spin resonance (ESR) measurements at X- and Q-band frequencies in a wide temperature
range (TN1 ≤ T ≤ 300K). The observed anisotropies of the g tensor and the ESR linewidth in
untwinned single crystals result from the crystal-electric field and from local exchange geometries
acting on the magnetic Cu2+ ions in the zigzag-ladder like structure of LiCu2O2. Supported by a
microscopic analysis of the exchange paths involved, we show that both the symmetric anisotropic
exchange interaction and the antisymmetric Dzyaloshinskii-Moriya interaction provide the dominant
spin-spin relaxation channels in this material.
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I. INTRODUCTION
Unconventional magnetic ground states and excita-
tions of frustrated quantum-spin chains represent at-
tractive issues in solid-state physics during the last
decades.1 They appear under a fine balance and partly
compensation of competing dominant exchange inter-
actions and are often caused by much weaker interac-
tions or fluctuations.2–6 Typically, frustration in quasi-
one-dimensional (1D) chain magnets is provided by com-
peting interactions, if the nearest-neighbor (NN) ex-
change is ferromagnetic and the next-nearest neighbor
(NNN) exchange is antiferromagnetic. Numerical in-
vestigations of frustrated chain magnets within differ-
ent models7–9 have predicted a number of exotic mag-
netic phases, such as planar, spiral, or different multipo-
lar phases. Moreover, theoretical studies show that the
magnetic phases are very sensitive to inter-chain inter-
actions and anisotropic interactions in the system.10–12
There is a number of magnets which are attractive ob-
jects for experimental investigations as realizations of
1D frustrated systems like LiCuVO4, Rb2Cu2Mo3O12,
NaCu2O2, Li2CuO2, Li2ZrCuO4, and CuCl2, (see for ex-
ample, Refs. 13–18). Here we concentrate on LiCu2O2
with its fascinating interplay of competing exchange in-
teractions both within the Cu2+ chains and the zigzag-
ladders formed by neighboring two chains.19
LiCu2O2 was first discovered in 1990 during the study
of Li/CuO electrochemical cells20 and in turn synthe-
sized on purpose for search of new candidates for high-
temperature superconductivity.21 After it was character-
ized as a low-dimensional quantum antiferromagnet in
the late nineties,22,23 its exotic ground-state properties
received large interest and triggered further experimen-
tal efforts, revealing a complex phase diagram,24 suggest-
ing a dimer-liquid state,25 coexistence of dimerization
and long-range order,26 as well as helimagnetism.27–29
The interest in LiCu2O2 was even stronger intensified
by the discovery of its ferroelectric properties in 2007,30
i.e. it turned out to be a paramount example of a
multiferroic due to the correlation between spin he-
licity and electric polarization.31–33 Detailed investiga-
tions to resolve the phase diagram of LiCu2O2 have
been performed by means of magnetization and dielectric
measurements34 as well as neutron scattering,19 electron
spin resonance (ESR), and nuclear magnetic resonance
(NMR) studies.35 Basically, a susceptibility maximum at
a temperature Tmax = 38K typical for a low-dimensional
antiferromagnet and two subsequent phase transitions at
TN1 = 24.5K and TN2 = 23K into the spin-spiral struc-
ture, where the latter is accompanied by the occurrence
of ferroelectricity, characterize the magnetic and electric
properties of LiCu2O2 at low magnetic fields.
In this paper, we report the results of an ESR study
of LiCu2O2 single crystals in the paramagnetic regime.
This study is performed in order to obtain information
on the anisotropic exchange interactions in this material.
The knowledge of the anisotropic exchange parameters
is important for the interpretation of the magnetic and
magneto-electric properties of LiCu2O2 in the magneti-
cally ordered phase. Previous ESR experiments revealed
a single exchange-narrowed Lorentz-shaped absorption
line with g values gc ≈ 2.22 and ga ≈ gb ≈ 2.0 at a
microwave frequency of 9GHz and T ≫ Tmax as well as
gc ≈ 2.29 at 227GHz.
23,25 The ESR linewidth ∆H was
found to amount more than 1 kOe at room temperature
and to diverge to low temperature on approaching mag-
netic order with a critical behavior ∆H ∝ (T −Tcrit)
(−p)
2with Tcrit = 30K and p = 1.28 or 1.35 for H ||c or H ⊥ c,
respectively, at 9GHz and Tcrit = 23K and p = 0.58 for
H ||c at 227GHz.23,25 So far the discussion and analysis
of the paramagnetic resonance remained on a qualitative
level.
Here we present a quantitative analysis of the angular
dependence of the paramagnetic resonance linewidth in
LiCu2O2 to determine the anisotropic exchange parame-
ters. For this purpose ESR is the method of choice, be-
cause the anisotropy of the line broadening is extremely
sensitive to anisotropic interactions, while the isotropic
exchange contributions only result in a general isotropic
narrowing of the ESR signal. While previous ESR studies
have been limited by twinning of the crystals, our present
investigations are performed on high-quality untwinned
single crystals, which is an essential precondition to de-
termine the anisotropy unequivocally. Based on our ESR
data we will show that besides the symmetric anisotropic
exchange interaction, the antisymmetric Dzyaloshinskii-
Moriya (DM) interaction substantially contributes to the
linewidth, and we will suggest a possible DM exchange
path.
II. CRYSTAL STRUCTURE AND EXCHANGE
INTERACTIONS
LiCu2O2 crystallizes within an orthorhombic structure
(space group Pnma). The lattice constants at room
temperature are given by a = 5.726 A˚, b = 2.8587 A˚,
and c = 12.4137 A˚.36 Besides four nonmagnetic Li+
cations its unit cell contains four monovalent nonmag-
netic cations Cu+ (electronic configuration 3d10) and four
divalent cations Cu2+ (3d9) with spin S = 1/2. Each
FIG. 1. (Color online) Orthorhombic crystal structure of
LiCu2O2. The spin ladders along the b axis are formed by
edge-sharing pink Cu2+O5 pyramids. The light blue Cu
+
planes separate the structure into layers perpendicular to the
c axis. Black arrows indicate the crystallographic coordi-
nates a, b, c, the intra-chain local coordinate y′, as well as
the four possible intra-ladder coordinates x′′ to describe the
local anisotropic exchange tensors.
FIG. 2. (Color online) A schematic view of the exchange
interactions between magnetic Cu2+ ions in LiCu2O2. Indices
i, j, and k run over the Cu2+ ions along the crystallographic
axes a, b, and c, respectively. Symbols α, β, γ, and δ denote
the four Cu2+ chains that form the two ladders αδ and βγ.
magnetic Cu2+ ion is surrounded by five oxygen ions
forming slightly distorted pyramids. Thus, all Cu2+ ions
are structurally and magnetically equivalent, because the
corresponding oxygen pyramids differ from each other by
a 180◦ rotation, only. There are two linear Cu2+ chains in
the crystal structure of LiCu2O2, which propagate along
the b axis and form a zigzag-ladder like structure as in-
dicated in Fig. 1. The ladders are isolated from each
other by both Li+ ions in the ab plane and layers of non-
magnetic Cu+ ions along the c direction. The distance
between the magnetic nearest-neighbor Cu2+ ions along
the chains amounts 2.869 A˚, and the spacing between the
next-nearest neighbor Cu2+ ions (between the chains in
one ladder) is about 3.10 A˚. The unit-cell parameter a
is approximately twice the unit-cell parameter b. Con-
sequently, LiCu2O2 crystals, as a rule, are characterized
by twinning due to formation of crystallographic domains
rotated by 90◦ around their common crystallographic c
axis.34
The exchange constants of the quasi-one-dimensional
helimagnet LiCu2O2 were determined by T. Masuda et
al.19 in a single-crystal inelastic neutron-scattering study.
Based on these experiments the authors investigated the
validity of three different exchange models and concluded
that in LiCu2O2 the frustration mechanism is rather
complex and involves a competition between a combina-
tion of antiferromagnetic intra-ladder J1 and ferromag-
netic intra-chain J2 exchange interactions against an ad-
ditional antiferromagnetic long-range intra-chain J4 cou-
pling as illustrated in Fig. 2. The three correspond-
3ing exchange constants turned out to be of comparable
strength, i.e. J1 = 3.2meV, J2 = −5.95meV, and J4 =
3.7meV. Moreover, a sizable antiferromagnetic inter-
ladder exchange J⊥ = 0.9meV was obtained.
19 Note that
the key features of this exchange model, namely, a fer-
romagnetic J2 bond and a substantial antiferromagnetic
J4 coupling constant, are similar to those of theoretical
LDA calculations.28
As a further corroboration of this model, it can be
inferred that recently Y. Qi and A. Du37 adopted the
suggestion of Masuda et al.19 about a strong antiferro-
magnetic ’rung’ interaction J1 and a weak inter-ladder
coupling J⊥, to explain the fascinating magnetoelectric
coupling effects observed in LiCu2O2. Thus, the present
analysis of our ESR results will be based on Masuda’s ex-
change model and on our earlier work38,39 in the related
compounds LiCuVO4 and CuGeO3.
III. THEORETICAL BACKGROUND
Electron spin resonance (ESR) measures the resonant
microwave-power absorption at a given frequency ω due
to induced magnetic dipolar transitions between the Zee-
man levels of magnetic ions split by an external magnetic
fieldH . The resonance condition ~ω = gµBH yields the g
value, which contains information on crystal-electric field
and spin-orbit coupling. Here ~ denotes the Planck con-
stant h divided by 2pi, and µB the Bohr magneton. The
resonance linewidth ∆H provides microscopic access to
the anisotropic interactions acting on the electron spins.
In general, in the case of sufficiently strong exchange
interaction the ESR linewidth can be analyzed in terms
of the high-temperature approach (kBT ≫ J):
40–42
∆H =
~
gµB
M2
ωex
(1)
where the second moment M2 is defined by:
M2 = −
1
~2
Tr [Hint, Sx]
2
Tr S2x
, (2)
The second moment M2 and the exchange frequency
ωex can be expressed via microscopic Hamiltonian pa-
rameters Hint. The second moment shows an orienta-
tion dependence with respect to the external magnetic
field, which is characteristic for the anisotropic interac-
tion responsible for the line broadening. The exchange
frequency is defined by the dominating exchange interac-
tions shown in Fig. 2 as
ωex =
√
2J21 + 2J
2
2 . (3)
In LiCu2O2 the second moment is defined by anisotropic
interactions of relativistic nature. Due to the fact that in
the case of spin S = 12 the usually dominating single-ion
anisotropy is absent, relativistic interactions of neighbor-
ing spins, i.e., anisotropic exchange interactions have to
be considered. Note that the magnetic resonance prop-
erties of several spin S = 12 chain compounds,
43 e.g.,
LiCuVO4 (Ref. 38) and CuGeO3 (Ref. 39) as well as
CuTe2O5 (Refs. 44 and 45) have been well explained tak-
ing into account the anisotropic exchange interactions.
Thus, the results of our present paramagnetic reso-
nance experiments in LiCu2O2 will be discussed in the
frame of the following model Hamiltonian:
Hint = J
n
2 (Si,j,k · Si,j+1,k) + Si,j,kJ
n
2Si,j+1,k
+ Jαδ1 (Si,j,k · Si+1,j,k−1) + Si,j,kJ
αδ
1 Si+1,j,k−1
+ Jαδ1 (Si,j,k · Si+1,j−1,k−1) + Si,j,kJ
αδ
1 Si+1,j−1,k−1
+ Jβγ1 (Si,j,k · Si−1,j,k−1) + Si,j,kJ
βγ
1 Si−1,j,k−1
+ Jβγ1 (Si,j,k · Si−1,j−1,k−1) + Si,j,kJ
βγ
1 Si−1,j−1,k−1
+ J⊥ (Si,j,k · Si+1,j,k) + J
n
4 (Si,j,k · Si,j+2,k)
+ Dn2 · [Si,j,k × Si,j+1,k] + µBH · gi,j,k · Si,j,k (4)
where n = α, β, γ, δ denotes the chains corresponding
to Fig. 2. The summation over all i, j, k is dropped for
brevity. In this model spin Hamiltonian, we included
isotropic and symmetric anisotropic exchange interac-
tions between a few types of ions (see Fig. 2): fer-
romagnetic isotropic intra-chain exchange J2 between
nearest Cu2+ ions in the chains with the tensor of the
anisotropic contribution J2, antiferromagnetic isotropic
intra-ladder exchange J1 along the rungs with the tensor
of anisotropic contribution J1, long-range antiferromag-
netic isotropic intra-chain exchange J4 and antiferromag-
netic isotropic exchange J⊥ between neighboring ladders
without anisotropic contributions. The anisotropic con-
tribution to J4 can be expected to be very small com-
pared to J1 because of the longer Cu–O–O–Cu super-
super exchange path. A similar argument holds for J⊥,
which is not indicated in Fig. 2, because its direction is
oriented along the crystallographic a axis and so J⊥ is
perpendicular to the plane of Fig. 2. The first term of
the last line of Eq. 4 introduces a possible antisymmetric
anisotropic exchange interaction, i.e. a Dzyaloshinskii-
Moriya (DM) interaction, within the chains, which in
this way has not been considered so far, but will appear
to be essential to explain the experimentally observed
anisotropy of the linewidth. The last term in Eq. 4 de-
notes the Zeeman interaction of all spins with the mag-
netic field.
To evaluate the anisotropic exchange contributions in
Hint, one has to consider the respective bond geometries.
For each anisotropic exchange contribution a local coordi-
nate system has to be defined such that the corresponding
tensor of anisotropic interaction is diagonal and the sum
of diagonal elements equals zero. One of the local axes is
directed along the exchange bond. The directions of the
two other axes are defined by the symmetry of the local
environment. As indicated in Fig. 1, for the intra-chain
anisotropic exchange interaction J2 the local axes are de-
fined as: x′ - along the O-O direction within the chain,
y′ - along the Cu-Cu direction within the chain, and z′
- perpendicular to the plane spanned by the Cu-O2 rib-
4FIG. 3. (Color online) Schematic pathway of the origin of
the anisotropic spin-spin coupling Ayy between copper (cyan
large spheres) dx2−y2 (open) states with an excited copper
dxz (grey, transparent) state via oxygen (red small spheres)
pcx (open) states.
bons within the chain. The local axes of the intra-ladder
anisotropic exchange between neighboring chains J1 are
chosen as: x′′ - along the Cu-Cu direction between neigh-
boring chains, y′′ - perpendicular to the plane spanned
by the Cu-O-Cu bridge between neighboring chains, and
z′′ - perpendicular to x′′ and y′′ axes. The unit vectors of
the local coordinates in the crystallographic system are
given in the Appendix.
For details of second-moment calculations for
anisotropic exchange interactions we refer to Ref. 46.
The intra-chain anisotropic contribution J2 can be
adopted from the identical ionic configuration in the
related compound LiCuVO4, where we considered the
same so called ring-exchange geometry of the Cu-O2
ribbons yielding Jcc2 /kB = −2K.
38 The remaining
intra-ladder anisotropic contribution J1 needs a deeper
analysis which will be discussed in the following.
The schematic pathway of the relevant anisotropic
spin-spin coupling J1 between two neighboring chains
within the same ladder is illustrated in Fig. 3. Here we
use local coordinates x, y, z adapted to the conventional
rotation of the unperturbed d-orbitals neglecting distor-
tion of lattice and any mixing of the wave functions. We
consider the case where the hole ground state dx2−y2 is
coupled with the excited dxz state by spin-orbit inter-
action (Fig. 3). Following this scheme, we estimate the
intra-ladder anisotropic exchange parameter Ayy accord-
ing to Ref. 47:
Ayy =
1
2
λ2
∆2
x2−y2,xz
(〈x2 − y2|ly|xz〉)
2Jx2−y2,xz (5)
Jx2−y2,xz denotes the corresponding isotropic exchange
integral, which is significantly larger than J1. A similar
expression was obtained earlier in Refs. 39 and 43. To
estimate the value of Jx2−y2,xz we used the formula:
Jx2−y2,xz ≈ 4
t2σt
2
pi
∆12∆pi∆σ
(6)
FIG. 4. (Color online) Possible pathway for realization of an-
tisymmetric anisotropic (DM) exchange coupling D2 between
neighboring copper ions within the chains. Cu2+ ions (large
cyan spheres) with dx2−y2 (open, dotted) and dxy (full, black)
orbitals, O2− (small red spheres) with py (open, dotted) or-
bitals shown on the apical sites
Here we insert λ/kB ≈ 913K for the spin-orbit coupling
and ∆x2−y2,xz/kB = (ε5,6 − ε1,2)/kB ≈ 13600K for the
crystal-field splitting between the respective d states of
Cu2+ as derived in the Appendix of this paper.
For σ and pi bonds between copper and oxygen, tσ
and tpi denote the transfer integrals, ∆σ and ∆pi de-
note the charge-transfer energies. ∆12 corresponds to
the charge-transfer energy from one Cu site to the other
excited Cu site, which amounts to ∆12 ≈ 7 eV.
48 The
ratio of the oxygen-copper transfer parameters tσ and
tpi to the charge-transfer energy ∆σ ≈ ∆pi is known for
oxides from studies of the transferred hyperfine interac-
tions as t2pi/∆
2
pi ≈ t
2
σ/∆
2
σ ≈ 0.077.
49 The oxygen-copper
transfer integrals are approximately equal (tσ ≈ tpi), and
according to different estimations their value is about
1.3 ≤ tσ ≤ 2.5 eV.
50,51 Thus, we obtain 74 ≤ Jx2−y2,xz ≤
275meV, which is significantly larger than J1 ≃ 3.2meV.
Our estimation of the isotropic exchange interaction
parameter between the ground and excited states is quite
rough and probably strongly overestimated because of
the idealized geometry. Therefore, to obtain a more
realistic value of the anisotropic exchange interaction,
we refer to experimental values found for such an ex-
change geometry in other compounds. In literature the
values range from J = 15meV (=174K) in Sr2VO4,
52,
where the dxy and px orbitals exhibit pi-overlapping, to
J = 112meV (=1298K) in La2CuO4,
53 where the over-
lapping orbitals form σ bonds. Using the minimum value
Jxz,x2−y2 = 15 meV in Eq. 5, we get Ayy/kB ≈ 3.5K,
which is still significant and cannot be neglected com-
pared to the isotropic exchange.
Finally, we indicate a possible exchange path allowing
the existence of the DM interaction between neighboring
Cu2+ ions within the chains. Recently the DM inter-
action was suggested to be important for stabilization of
the spin spiral order,54,55 but there is no consensus about
its microscopic origin, yet. Furukawa et al.54 make the
inter-layer exchange responsible for a nonzero DM in-
teraction, while Chen amd Hu55 suppose that the DM
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FIG. 5. (Color online) Typical ESR spectra of LiCu2O2 for
the magnetic field applied along the three principal crystallo-
graphic axes at T = 200K at X-band frequency. Solid lines
indicate fits by the field derivative of a Lorentz curve.
interaction arises within the ladders resulting in a DM
vector oriented preferably along the b direction, but at
least within the ab plane.
The analysis of our ESR results described below de-
mands a DM vector along the a axis. This could be
realized as follows: as the Cu2+ ions are built in O2−
square pyramids, which in c direction are separated by
Cu+ planes, we find a Cu2+ – O2− – O2− – Cu2+ ex-
change path via the apical oxygen ions giving rise to a
DM vector pointing along the a axis, if we neglect the
distortions. This exchange path does not have any sym-
metric counterpart, which would compensate the DM
vector. The neighboring chain within the same ladder
exhibits the analogue geometry rotated by 180◦ giving
rise to a DM vector in opposite direction. But as these
DM vectors belong to different pairs of Cu2+ ions, they
do not compensate each other. Due to the admixture of
excited orbitals the DM interaction exists, but an esti-
mation of its magnitude is very difficult and demands a
deeper theoretical analysis. Hence, we confine ourselves
to the experimental determination of the DM contribu-
tion in LiCu2O2.
IV. EXPERIMENTAL RESULTS AND
DISCUSSION
The untwinned single crystals under investgation were
taken from the series of samples grown by solution in the
melt described in Ref. 56. For the ESR measurements
they were fixed in Suprasil quartz tubes with paraffin to
provide a well defined rotation axis for angular depen-
dent investigations. The ESR measurements were per-
formed in a Bruker ELEXSYS E500-CW spectrometer
equipped with continuous-flow He cryostats (Oxford In-
struments) at X- (9.47GHz) and Q-band (34GHz) fre-
quencies in the temperature range 4.2 ≤ T ≤ 300K.
Like in earlier reports23,25 and as shown in Fig. 5, the
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FIG. 6. (Color online) Angular dependence of the g value in
LiCu2O2 for three perpendicular crystallographic planes at
T = 300K at X-band frequency (solid circles) and for the ab
plane at 200 K at Q-band frequency (open squares). Inset:
Temperature dependence of the g values along the principal
axes at Q-band frequency.
observed ESR absorption is well described by a single
Lorentzian line with resonance field Hres and half-width
at half maximum linewidth ∆H within the whole para-
magnetic range above T > 35K. Note that the lines with
the large linewidth ∆H ≈ Hres were fitted including the
counter resonance at −Hres as described in Ref. 57.
Fig. 6 shows the angular dependence of the g value at
room temperature at X-band frequency and partially at
Q-band frequency for the three principal crystallographic
planes. The g values are independent from temperature
for T ≥ 35K, with gc = 2.28(1) and ga = gb = 2.05(1) as
shown in the inset of Fig. 6. The observed anisotropy of
the g tensor is in agreement with the crystal-field analysis
described in the Appendix. Note that due to the point-
charge model the calculated g values slightly overestimate
the experimental ones.
On decreasing temperature the ESR line strongly
broadens and disappears close to the ordering temper-
ature. This increase of the linewidth towards low tem-
peratures is depicted in Fig. 7 for the field applied along
all three principal axes. Fitting the data in terms of a
critical law yields different exponents for the three ori-
entations. This results from the competition of differ-
ent relaxation processes with different temperature de-
pendence and anisotropy. As shown by Oshikawa and
Affleck,58 the symmetric anisotropic exchange interac-
tion gives rise to a monotonously increasing linewidth
with increasing temperature which finally saturates at
high temperature. In contrast the DM interaction pro-
vokes a divergence of the linewidth on decreasing temper-
ature. In addition, critical behavior may arise because of
critical fluctuations close to the Ne´el temperature. Due
to different anisotropies of these relaxation processes, we
cannot scale the temperature dependences of the three
main directions on each other.
Now we focus on the angular dependence of the
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FIG. 7. (Color online) Temperature dependence of the ESR
linewidth in LiCu2O2 with the external magnetic field applied
along the crystallographic axes for X- and Q-band frequen-
cies. The solid lines indicate fits with a critical divergence
∆H = ∆H∞+A/(T −TN)
p. The Neel temperature was kept
fixed at 24.5 K.
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FIG. 8. (Color online) Angular dependence of the linewidth
in LiCu2O2 for three perpendicular crystallographic planes at
selected temperatures at X-band frequency (solid symbols)
and for the ab plane at T = 200K at Q-band frequency (open
squares). The red solid lines indicate simultaneous fits of all
three planes with the parameters given in Table I. For clarity,
the values of the linewidths at T = 200K and T = 300K are
shifted by 100Oe and 200Oe, respectively.
linewidth depicted in Fig. 8 for T = 150, 200 and 300K.
For all temperatures the maximum of the linewidth is
found for H ‖ a, the minimum for H ‖ b and an interme-
diate value for H ‖ c indicating the leading anisotropic
exchange contribution to be connected to the a direction.
To fit the angular dependencies of the ESR linewidth
in LiCu2O2 we used Eqs. 1-4. The isotropic exchange
parameters were taken from Ref. 19. Hence, as fitting
parameters we used the components of the symmetric
anisotropic exchange interactions and of the antisymmet-
ric DM interaction D2 (See Eqs. 4).
Taking into account the geometry of the exchange
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FIG. 9. (Color online) Angular dependence of the linewidth
in LiCu2O2 for three perpendicular crystallographic planes
at T = 300 K at X-band frequency (solid symbols) to-
gether with the fit contributions from different anisotropic
exchange interactions: inter-chain symmetric anisotropic ex-
change (dotted), intra-chain symmetric anisotropic exchange
(dashed), and intra-chain antisymmetric anisotropic exchange
Da2 (dash-dot) and sum (solid).
bonds, we reduced the number of relevant components
to three: in their respective local coordinates the intra-
chain interaction J2 is axial with respect to the z
′ axis,
i.e. Jz
′z′
2 = −2J
x′x′
2 = −2J
y′y′
2 , the inter-chain in-
teraction J1 is axial with respect to the y
′′ axis, i.e.
Jy
′′y′′
1 = −2J
x′′x′′
1 = −2J
z′′z′′
1 , and only the DM vec-
tor component Da2 does not vanish. As one can see,
the model provides a good description of the experimen-
tal data. The resulting fitting parameters are given in
Tab. I using the local coordinate systems of the sym-
metric anisotropic exchange interactions in LiCu2O2 and
the crystallographic coordinate system for the DM vec-
tor. Note that from the analysis of the angular depen-
dence of the linewidth one obtains the absolute value of
the anisotropic exchange parameters. The sign of the
anisotropic exchange interaction was derived from the
theoretical analysis of the exchange bonds.
Fig. 9 shows the angular dependence of the three con-
tributions separately. While the intra-chain symmetric
anisotropic exchange J2 results in a maximum linewidth
for H ‖ c and a nearly constant contribution for H ⊥ c,
the inter-chain symmetric anisotropic exchange J1 leads
to a minimum linewidth for H ‖ c and nearly isotropic
behavior in the plane H ⊥ c, which can be understood by
the superposition of the two inter-chain bonds in the zig-
zag ladder. Thus, the symmetric anisotropic exchange
contributions J1 and J2 together can only result in an
effective axial anisotropy of the linewidth with respect to
the crystallographic c axis. Therefore, the antisymmet-
ric DM interaction has to be introduced with the only
relevant component Da2 6= 0 which allows describing the
observed maximum linewidth for H ‖ a.
The ferromagnetic intra-chain Jz
′z′
2 contribution is of
7TABLE I. Parameters of the symmetric anisotropic exchange
interactions J1,2 and the antisymmetric Dzyaloshinskii-
Moriya (DM) interaction D2 in the local coordinate system
for the copper ions Cu2+ (S = 1/2) in LiCu2O2 in units of
Kelvin, evaluated at different temperatures. Subscripts cor-
respond to Fig. 2
T (K) Jy
′′y′′
1 (K) J
z′z′
2 (K) D
a
2 (K)
300 1.20 -1.90 5.23
200 1.20 -1.82 5.52
150 1.28 -1.76 5.85
comparable magnitude like in LiCuVO4, where the sym-
metric anisotropic exchange resulting from the ring ge-
ometry in the CuO2 ribbons dominated the spin-spin re-
laxation. In addition, the intra-ladder contribution is
of high importance for the line broadening in LiCu2O2
as predicted by our estimation given above. Interest-
ingly, the DM interaction yields the leading contribution.
Here further theoretical efforts will be necessary to un-
derstand its origin and possible impact on the still un-
resolved problem, how to explain the multiferroicity in
LiCu2O2.
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V. SUMMARY
We investigated the spin-spin relaxation of the an-
tiferromagnetic S = 1/2 quantum spin-ladder com-
pound LiCu2O2 in the paramagnetic regime by means
of electron spin resonance. From the anisotropy of the
ESR linewidth obtained on untwinned single crystals we
were able to extract the symmetric anisotropic exchange
contributions resulting from nearest-neighbor super ex-
change |Jz
′z′
2 | ∼ 1K within the chains and next-nearest
neighbor super exchange |Jy
′′y′′
1 | ∼ 2K within the rungs
of the ladders formed by every two neighboring chains.
In addition we discovered a sizable intra-chain antisym-
metric anisotropic DM contribution |Da| ∼ 5K which
is necessary to describe the observed anisotropy of the
linewidth accurately.
Concluding the discussion, let us recall the main mi-
croscopic interactions in LiCu2O2 suggested for explana-
tion of the experimental data. The dominant interactions
are of isotropic nature: intra-ladder (J1), intra-chain (J2,
J4), and inter-ladder exchange interactions (J⊥) between
the zig-zag ladders located within the ab plane. The
inter-plane exchange interactions are at least one order
of magnitude smaller.19 The relativistic interactions in
small fields are approximately 5-10 times smaller than
the isotropic exchange interactions. The analysis of our
ESR data suggests that the strongest of them is the intra-
chain antisymmetric anisotropic DM interaction with the
DM vector Da directed parallel to the crystallographic a
direction. The symmetric anisotropic interactions for dif-
ferent exchange paths are found to be 3-5 times smaller.
The values of these contributions have the values close to
the related chain antiferromagnet LiCuVO4.
The suggested essential intra-chain DM interaction can
be important for modeling of the magnetic structure of
LiCu2O2 in the magnetically ordered state. In the limit
of strong intra-chain DM interaction the chirality vec-
tors of two spiral chains of every zig-zag ladder tend to
be antiparallel, because the vectors Da for these chains
have different signs. Probably, this interaction providing
the alternation of chirality vectors explains the absence
of spontaneous electrical polarization in the structurally
similar magnet NaCu2O2.
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Appendix A: Local Coordinate Systems
In the unit cell there are two different ladders which
both consist of two chains. In the following expressions
the upper and lower signs correspond to the directions
of the individual vectors for different ladders. In the
crystallographic coordinate system (a, b, c) the unit vec-
tors of the local coordinate systems of the intra-chain
anisotropic exchange J2 read
(
x′ 0.982 0 ∓0.187
y′ 0 1 0
z′ ±0.187 0 0.982
)
(A1)
for first and second ladder, respectively. This means that
only the local y′ axis coincides with the crystallographic
b axis parallel to the Cu2+ chains, whereas x′ and z′ axes
are slightly rotated from a and c axes, respectively. In
the first ladder the unit vectors of the local coordinate
system of the intra-ladder anisotropic exchange J1 are
given by
(
x′′ 0.460 ±0.463 0.758
y′′ ∓0.725 0.689 ±0.018
z′′ −0.513 ∓0.557 0.653
)
(A2)
for first and second super-exchange bond, respectively.
Analogously, for the second ladder the unit vectors of
8FIG. 10. (Color online) Local environment of the Cu2+ ions
in the crystal structure of LiCu2O2.
TABLE II. Contributions to the crystal-field parameters in
LiCu2O2 at the Cu1
2+ position (0.124; 1/4; 0.905) in units of
Kelvin
B
(k)(K)
q point charges and point charges sum
exchange charges (2.83 < r < 3.12 A˚)
(r < 2.83 A˚)
B
(2)
0 -30836 3570 -27266
B
(2)
1 -1985 -450 -2435
B
(2)
2 -2629 2760 131
B
(4)
0 14407 -240 14167
B
(4)
1 1487 -70 1417
B
(4)
2 693 -180 513
B
(4)
3 1389 25 1414
B
(4)
4 -19117 -400 -19517
the local coordinate systems of J1 are given by(
x′′ −0.460 ±0.463 0.758
y′′ ∓0.725 −0.689 ∓0.018
z′′ 0.513 ∓0.557 0.653
)
(A3)
Appendix B: Crystal-Field Analysis
In LiCu2O2 the Cu
2+ ions (electronic configuration
3d9, spin S = 1/2) are surrounded by five O2− ions and
four Cu+ ions. The nearest-neighbor environment of the
magnetic Cu2+ ion is depicted in Fig. 10. To calculate
the energy-level scheme of Cu2+ in LiCu2O2, we start
from the following Hamiltonian:
H0 = λ(L · S) +
∑
k=2; 4
k∑
q=−k
B(k)q C
(k)
q (ϑ, ϕ) (B1)
The first term corresponds to the spin-orbit coupling. S
and L are total spin and orbital moment, respectively.
TABLE III. Relative signs of the parameters B
(k)
q for Cu2
(1/2 − x; 1/2 + y; z − 1/2), Cu3 (1/2 + x; y; 1/2 − z), and
Cu4 (1− x; 1/2 + y; 1 − z) with respect to the signs for the
Cu1 (x, y, z) position in LiCu2O2.
Cu2 Cu3 Cu4
B
(2)
0 + + +
B
(2)
1 - - +
B
(2)
2 + + +
B
(4)
0 + + +
B
(4)
1 - - +
B
(4)
2 + + +
B
(4)
3 - - +
B
(4)
4 + + +
For Cu2+ the spin-orbit coupling parameter amounts
λ ≈ 830 cm−1.40 The second term represents the crystal-
field operator, where C
(k)
q denote the components of the
spherical tensor. We use a coordinate system with the
Cartesian axes x, y, and z chosen along the crystallo-
graphic axes a, b, and c, respectively. The crystal-field
parameters B
(k)
q (in eV) were calculated using a superpo-
sition model with exchange contributions.60,61 The rele-
vant overlap integrals were calculated using Hartree-Fock
wave functions for Cu2+ and O2−.62 The exchange-charge
parameter G = 9.9 was chosen in accordance with the
optical excitation energy ∆ = 1.95 eV.48
Using the crystal-field parameters listed in Table II for
the position Cu2+ (0.124; 1/4; 0.906) we obtain the fol-
lowing set of Kramers doublets: ε1,2 = 0, ε3,4 = 1.077 eV,
ε5,6 = 1.192 eV, ε7,8 = 1.213 eV, and ε9,10 = 1.963 eV. In
the local coordinate system the wave functions read:
|εn〉 =
+2∑
ml =−2
∑
mS = ↑, ↓
a(n)ml,mS |ml, mS〉 (B2)
The values of the coefficients are given in Tab. IV. Us-
ing these wave functions we calculated the g-tensor com-
ponents gz = 2〈kzlz + 2sz〉, gx = 2〈kxlx + 2sx〉, and
gy = 2〈kyly+2sy〉, which are equal for all four copper po-
sitions: assuming the reduction factors of the orbital mo-
mentum due to covalency effects as kx = ky = kz = 0.8
we obtained gz = 2.41, gx = 2.09, and gy = 2.09.
Note that the energy level scheme derived here, differs
from that reported63 for the CASSCF/MRCI d−d excita-
tion energies for edge sharing chains of CuO4 plaquettes
in LiCu2O2; 0 (dxy); 1.13/1.43eV (dx2−y2); 1.58/1.88eV
(dxz); 1.64/1.94eV (dyz); 1.67/1.98eV (dz2), since we
have taken into account the contributions to the crystal
field from long-distant ligands, which are not negligible.
9TABLE IV. Coefficients for the Kramers components of
ground state (n = 1, 2) and excited states (n = 3 − 8) in
LiCu2O2 at the Cu1 position (0.124; 1/4; 0.906).
a
(1,2)
ml,ms ms =↓ ms =↑ a
(3,4)
ml,ms ms =↓ ms =↑
ml = 2 -0.6560 -0.0022 ml = 2 -0.3293 -0.3986
ml = 1 0.0449 -0.0453 ml = 1 0.1153 -0.3040
ml = 0 0.0039 0.0035 ml = 0 0.0403 0.0359
ml = −1 -0.0499 -0.0002 ml = −1 0.6321 0.0786
ml = −2 -0.7504 -0.0059 ml = −2 0.2696 0.3816
a
(5,6)
ml,ms ms =↓ ms =↑ a
(7,8)
ml,ms ms =↓ ms =↑
ml = 2 0.2325 0.2447 ml = 2 -0.4089 0.1082
ml = 1 -0.926 -0.1967 ml = 1 -0.7437 0.3729
ml = 0 -0.0355 -0.0409 ml = 0 0.0553 -0.1287
ml = −1 0.5537 -0.6258 ml = −1 0.1235 -0.0593
ml = −2 -0.2324 -0.2891 ml = −2 0.2825 -0.1035
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